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oncogenic fusion protein BCR-ABL. These tyrosine kinase inhibitors (TKIs) have led to a 67% decrease in the risk of death from CML within a 2-year follow-up period [3] . Children receiving long-term TKI treatment are at risk for growth retardation [4] and bone pain [5] for reasons poorly understood.
The purpose of this report was to describe the skeletal phenotype in a boy with TKI-treated CML who was referred to a tertiary care bone health clinic with chronic nonsteroidal antiinflammatory drug (NSAID) dependence due to substantial leg pain interfering with physical activities. We describe his bone health assessment in detail, including trans-iliac bone histomorphometry, three-dimensional bone and muscle imaging at the site of his bone pain (tibia), bone mineral density (BMD) at multiple sites by dual-energy x-ray absorptiometry (DXA), his linear growth trajectory plus radiographic, hormonal, and bone metabolic studies. We also describe the bone pain response to IV bisphosphonate therapy.
Clinical Report
We report on an 11-year-old boy diagnosed with Philadelphia chromosome-positive CML at 4 years of age. He was initially treated with imatinib and achieved all hematologic, cytogenetic, and molecular milestones. At age 7 years, he was switched to dasatinib because of renal impairment. He achieved molecular remission at 8 years of age and presented to the bone health clinic at age 11 years (after 7 years of TKI therapy) with complaints of leg pain for the past 4 years and attenuated linear growth. His leg pain interfered with physical activity and he required NSAIDS almost daily in the 2 years leading up to the bone health evaluation. He had not sustained any fractures nor did he complain of back pain.
Methods
Growth was assessed by serial anthropometry and hormonal studies. Bone biochemistry plus radiographs of the thoracolumbar spine, legs, and left hand were obtained by standard measures. Areal lumbar spine (L1 to L4), total body (less head), and total hip BMD were captured in the anterior-posterior direction by DXA using a Lunar Prodigy instrument (General Electric, Madison, WI). Raw BMD results were converted to age-and sex-specific Z-scores using reference data that were provided by the machine manufacturer. Muscle and bone density and geometry plus tibia strength (moment of resistance) were assessed by peripheral quantitative computed tomography (pQCT) at the left tibia using a Stratec XCT2000 device (Orthometrix, White Plains, NY), with results converted to age-, sex-, and tibia length-specific Z-scores (the latter for pQCT geometry measures). Tibia muscle and bone geometry measures are highly correlated with tibial length; therefore, tibial length was measured by physical landmarks, and Z-scores for these parameters were generated relative to tibial length [6] . A trans-iliac bone biopsy was performed after dual tetracycline labeling, with results expressed as the percentage of the healthy average [7] . Informed consent was obtained per local institutional review board standards.
Results
At age 11 years, skeletal deformity was absent in the patient, the gait was normal, and he was prepubertal. The height Z-score was 21.3, weight Z-score 20.6, and the upper to lower extremity ratio was 0.96. The patient's growth trajectory and midparental height are provided in Figure 1 . The mother was of average height and the father was tall, giving a midparental height of 184.3 cm. Serum thyroid stimulating hormone, free thyroxine, ionized calcium, phosphate, and parathyroid hormone levels were normal. His history of calcium and vitamin D intake through diet was commensurate with Institute of Medicine guidelines for age [8] , and six monthly 25-hydroxyvitamin D levels were consistently .50 nmol/L , including a level of 67 nmol/L at the time of the trans-iliac bone biopsy. In addition, insulin-like growth factor The level of alkaline phosphatase (a bone formation marker) was below the reference range for age and sex (121 U/L; normal range 178 to 455 U/L) and the Z-score for c-telopeptide of type 1 collagen (CTX1; a bone resorption marker) was 21.0 [9] . Radiographs showed no evidence of rickets, skeletal dysplasia, or vertebral fractures; bone age was concordant with chronological age [10] . On examination of the trans-iliac bone biopsy specimen, structural indices were all normal, consistent with absence of osteoporosis or osteomalacia. The bone volume/tissue volume was even above the healthy average, whereas the bone formation rate was below and the mineralization lag time was above the mean of the age-specific reference range (Table 1; Figure 2 ). Tibia pQCT-based muscle and bone parameters are shown in Table 2 , revealing an above-average trabecular volumetric BMD, average moment of resistance, and shortened tibia. The lumbar spine, total body less head, and hip BMD Z-scores were normal to above average as follows: lumbar spine BMD 20.1; total body less head BMD 10.4; and total hip BMD 10.8.
To treat the chronic leg pain, the patient's most concerning symptom, IV bisphosphonate therapy (pamidronate 1 mg/kg) was given at 11 years of age and then repeated 4 and 9 months later. An IV bisphosphonate was chosen, given its previously reported positive effect on bone pain due to skeletal morbidity in childhood leukemia [11] . The bone pain resolved within 2 weeks of the first dose but returned in the weeks leading up to the second and third infusions. The pain has not recurred for up to 2.5 years after the third dose. At age 12 years and 9 months, he entered Tanner stage 2 pubertal development with subsequent improved growth velocity.
Discussion
Although TKIs for CML represent a major improvement over conventional chemotherapy, they exhibit a number of off-target effects, including bone pain and growth attenuation. We report on a child with TKI-treated CML who presented to our clinic with concern for both of these features. His in-depth skeletal assessment confirmed lack of osteoporosis or osteomalacia, given the absence of fractures, normal areal and volumetric BMD parameters at all measured sites, plus normal bone volume to tissue volume and mineralization parameters on a trans-iliac biopsy specimen. Furthermore, the bone formation rate, while below average, was nevertheless in the normal range. These are important observations, because serum biomarkers of bone turnover such as alkaline phosphatase and CTX are growth velocitydependent and are expected to be attenuated in patients with slow linear growth, as they were in this patient. In such cases, direct measurement on trabecular surfaces after dual tetracycline labeling is required to quantify bone turnover. This study provides evidence in a child, that whereas serum biomarkers of bone turnover may be reduced due to attenuated linear growth, bone metabolism on trabecular surfaces may be preserved. Although there are no other pediatric trans-iliac bone histomorphometry studies available for comparison, to our knowledge, this approach has been carried out on 11 adults with CML who received imatinib 600 mg/d but without dual tetracycline labeling; therefore, it was not possible to calculate dynamic parameters of bone metabolism in that study [12] . Again, transiliac bone biopsies were conducted serially by Vandyke et al. [12] at baseline and after 6, 12, and 24 months of imatinib treatment. Interestingly, a predominant finding was a substantial decrease in osteoclast number and osteoclast surface/bone surface after starting TKI therapy, along with increases in trabecular bone volume (due to an increase in trabecular thickness, but not number). The authors concluded that imatinib has an antiresorptive effect without dampening bone formation, and that this ultimately resulted in a higher trabecular bone volume at the iliac crest. On the other hand, the only skeletal site that showed an increase in DXA-based BMD was the distal radius, whereas changes were neutral at the spine and total body, and BMD declined at the femoral neck. Although the reasons for these site-specific differences in BMD by DXA in adults remain unclear (and furthermore, contrast with the consistently normal to above-average BMD results at all skeletal sites in the patient in our report), Vandyke et al. [12] proposed that the bone metabolic changes at the iliac crest were Figure 2 . (A) Transiliac histomorphometry in an 11-year-old boy compared with (B) an ageand sex-matched control subject. Cortical width was determined at a 332 magnification; all other measurements were determined at 3200 magnification. more likely the result of imatinib than CML disease remission, given a prior study showing that decreased bone marrow cellularity after interferon-a therapy for CML was not associated with a substantial change in iliac trabecular bone volume.
In contrast, osteoclast number and the percentage of bone covered by osteoclasts and eroded surfaces were not low in our patient in our report (in fact, they were all above average). We hypothesize that the disparity in observations at the bone tissue level between our patient and the adult study by Vandyke et al. [12] may be related to differences in TKI doses, lack of serial measurements in our patient to understand the direction of changes in bone cellular metabolism, or a difference in the bone tissue effect in a patient who is growing vs the more static adult skeleton.
DXA underestimates areal BMD in short children, which challenges the interpretation of areal BMD in this setting. In our patient, despite his short stature, all measured areal BMD parameters were normal or above average; furthermore, trans-iliac bone volume to tissue volume ratio and distal tibia volumetric BMD were above average. The lack of adverse effect of TKIs on bone volume and density are overall reassuring in this patient, given the current treatment paradigm of lifelong TKI therapy to maintain remission in pediatric CML.
Bone pain has been reported in 10% of TKI-treated children with CML [13] . In the patient we report on here, bone pain was sufficiently severe and long-standing to warrant referral to our clinic for consideration of alternative strategies to treat the leg pain. An IV bisphosphonate was chosen because of its proven analgesic effect in a variety of adult and pediatric settings, including cancer [11, [14] [15] [16] . Bisphosphonates appear to exert their analgesic effect by interfering with nociception, possibly mediated by the calcitonin gene-related peptide [17] . We observed permanent resolution of bone pain with pamidronate after three low doses spanning 9 months. This contrasts with the partial pain relief that the patient experienced with chronic NSAID therapy. This patient's effective pain relief for up to 30 months after stopping pamidronate is similar to our experience with the long-lasting analgesic effects of IV bisphosphonate therapy in children with other painful bone conditions such as chronic recurrent multifocal myelitis and fibrous dysplasia [15, 18] . Given its overall safety profile and track record of effective use for the treatment of painful pediatric bone disorders, we propose that short-term IV pamidronate is a viable option for addressing chronic bone pain in TKI-treated children with CML.
Growth attenuation was also a concern for this patient, prompting an endocrine assessment that revealed normal thyroid function and IGFBP-3 and IGF-1 levels. The absence of thyroid dysregulation in our patient is similar to the findings in a report of six TKI-treated children with CML [19] . On the other hand, thyroid dysfunction is a well-known adverse effect of TKI in adults, affecting 45% of patients [20] . The IGF-1 receptor is a tyrosine kinase; therefore, it is reasonable to postulate that the GH/IGF-1 axis may be impaired. Indeed, low levels of IGF-binding protein-3, IGF-1, and peak-stimulated GH levels have been observed in TKI-treated children with CML [19, 20] . GH/IGF-1 axis impairment has been further supported by low IGFBP-3 levels observed in TKI-treated juvenile rats [21] . Although the patient in this report had normal IGFBP-3 and IGF-1 levels, we recognize that normal GH studies can occur in GH-deficient patients [22] , and that we cannot definitely rule out suppression of the GH/IGF-1 axis by TKI therapy.
In animal models of TKI-treated CML, shortening of long bones (i.e., femurs and tibias) has been described [23] . Although the reduction in tibial length in our patient in this report (measured to carry out pQCT imaging at different sites along the length of the tibia) is consistent with these observations, in the absence of pretreatment tibial length data, it is not possible to determine whether the reduction in tibial length is directly related to TK inhibition. The growth impairment induced by TKIs has been postulated to link with impaired PDGFR-b signaling, resulting in diminished recruitment and/or activity of growth plate chondrocytes [20] . Interestingly, the increase in trabecular number in the trans-iliac biopsy specimen from our patient also calls into question growth plate function. Trabeculae are the product of secondary spongiosa, which arise directly from the growth plate through endochondral bone formation; an increase in trabecular number raises the question of whether there may be overproduction or lack of resorption of secondary spongiosa. Additional longitudinal study of bone histomorphometry in this patient, ideally following cessation of TKI therapy (if this were to arise clinically), may shed light on the relationship between TK inhibition and trabecular number.
In summary, this patient's skeletal phenotype was characterized by above-average bone volume/tissue volume ratio, an increase in trabecular number, normal bone turnover, shortened tibia, growth attenuation, and bone pain. Short-term, low-dose IV pamidronate was an effective strategy for treating the bone pain, permitting cessation of chronic NSAID therapy and a return to normal physical activities.
